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CRACK DAMAGE EVOLUTION IN COAL AT
ELEVATED TEMPERATURES
Mehdi Serati1*, King Ho Benny Kwan1, Nick Gordon2, Sasan
Moravej1, Mojtaba Bahaaddini3,4 and Ali Mirzaghorbanali5
ABSTRACT: This work studies the behaviour of coal samples at various thermal environments from
sub-zero temperatures of -100 to 300 °C by monitoring their fracture speed, ultimate strength, and crack
damage evolution mode. High-speed recordings captured at 140,000 frames per second identified three
different fracture evolution modes as a function of the applied ambient temperature. As the temperature
increases, the fracture behaviour was observed to be through intact rock bridges resulting in reduced
crack speeds and smaller fragments. Interestingly, at sub-zero temperatures, a different failure pattern
was observed through the formation of a single fracture plane resulting in larger fragments with sharper
edges.
INTRODUCTION
Fire in coal mines is one of the most feared hazards and a serious threat to the environment and mine
personnel that has been shown to shut down operations temporarily from weeks to months or
permanently. Surface and subsurface coal seam fires present complex design and mitigation challenges
such as elevating the levels of toxic particulate and carbon monoxide (i.e. creating poor air quality in
proximity to the affected area), unstable ground that can move, collapse or open up under residence’s
feet, and a highly flammable environment. Although rare, coal fires (particularly deep-seated) can burn
for decades. Causes of coal fires are various and could be (i) dust explosion, methane, or inflammable
gases ignition (e.g. caused by faulty open lamps, electric spark, flame from electric wires, personnel
smoking, a hot roller on a conveyor, or diesel engine overheating), (ii) frictional sparkling caused by work
activities (e.g. sparks from continuous mining machine), (iii) detonating an overcharged shot in a dusty
pillar section, or (iv) fire from outside the mine (e.g. a bush fire) entering the mine and igniting the
exposed coal. In addition, one of the biggest challenges of common fires is the cracks in coal that let
the fire go further deep within the crack system. Therefore, subsurface coal fires can particularly result
in heavy casualties, fatalities, and economic losses as illustrated in Fig. 1 - Note that an average cost
of a fatality of USD 2.57M and nonfatal injuries of USD 46,400 per incident were considered for the
generation of Fig. 1b as suggested by Camm and Girard-Dwyer (2004) to account for medical, legal,
administrative, lost benefits, property damage, worker’s compensation costs, and lost earnings. Out of
the top 100 most devastating coal fire incidents since 1900 worldwide, results suggest that the cost can
be as high as USD 1.0 billion in almost 40% of the time.
While the temperature in the fire zone during a coal seam fire can reach (and exceed in some cases)
1100 degrees, mechanical and strength parameters of coal during a fire are commonly studied under
four temperature ranges. This includes (Sahay, et al., 2014; Mishra, et al., 2018; Geng, et al., 2018;
Krzemien, 209; Su, et al., 2020):


Stage I from room temperature to 200 °C. In this temperature range, coal mechanical
parameters decrease gradually due to the loss of interlayer water and mineral bound water. As
a result, the load-bearing capacity, elasticity modulus, and tensile strength could each decrease
up to 20% while a slight reduction in coal density is also expected.



Stage II from 200 °C to 300 °C. The compressive strength, elasticity modulus and tensile
strength can plummet further up to 40%. In addition, the formation of intergranular cracks
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between coal mineral particles and a rapid decrease in coal density are often reported in this
temperature range due to continuous water loss and unwanted induced thermal stresses.


Stage III form 300 °C to 400 °C. In this stage, while almost all the existing mineral waters are
lost, the reduction in coal mechanical performance becomes less significant in Stage III
compared with the previous stage. Intergranular cracks continue to develop and coalesce
leading to further structural damages of coal.



Stage IV from 400 °C and above. In this stage, transcrystalline (through individual crystals as
opposed to between or around them) cracks start to form leading to large decay in the mineral
particles and a significant reduction of coal mechanical performances up to 70% and further.

Figure 1: Financial loss and the number of casualties and fatalities in the top devastating
coal mine fire incidents worldwide since 1900. Each dot represents a separate incident.
Using image processing and high-speed photography techniques, this study extends the previous works
by further investigating the fracture speed, crack damage mode, and the ultimate tensile strength of coal
samples under varying temperatures from -100 to 300 degrees.
EXPERIMENTAL SET-UP
A total of 32 Brazilian specimens were prepared and tested at -90, -60, -20, 80, 160, 240 and room
(25 °C) temperatures. Coal samples were supplied by the Ensham Coal Mine located 40 km east of
Emerald in Central Queensland, Australia. Samples were loaded in direct contact with Instron 4505
platens under a continuously increasing compressive load until failure, as suggested by the ASTM
(2016). A Phantom v2012 camera was used to capture the damage evolution at 140 kHz in each sample.
For each test, the load at failure, frame number at which the first crack was identified (and its
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corresponding force and deformations), and the sample’s tensile strength; were recorded. All tests were
conducted at 250 N/sec to be able to break the samples under one minute. Bulk density, (as received)
water content, and porosity were measured according to the ISRM recommendations (1977) as
1221 kg/m3, 7.64%, and 9.34%; respectively. To measure the porosity, coal samples were saturated for
24 hrs in a vacuum chamber and then dried in an oven for another 48 hrs at 60 degrees (instead of
105 °C due to the flammability of coal) before testing (Serati, 2020). An Instron Environmental chamber
3119-606 was also used to bring the samples’ temperature to the target temperature ranges (see Figure
2). The chamber can operate between -100 °C and +300 °C, and heating is achieved by passing air
over an electrically heated element. Cooling is also achieved by blowing liquid Nitrogen (LN2) into the
chamber through an optional cooling valve. The Environmental chamber was, in fact, used as an oven
or a freezer, depending on the desired temperature level in each test.

(a)

(b)

(c)

(d)

Figure 2: Experimental set-up and Thermogravimetric Analysis (TGA) results
The specimens were stored in the chamber for at least 2 hours, then taken out carefully and placed
immediately inside the loading frame within less than 30 seconds before testing. However, to ensure
safe testing conditions at high temperatures of 200 degrees and above, it was decided to further perform
a Thermogravimetric Analysis (TGA). TGA is an analytical technique that monitors the mass/weight
change of a substance when heated at a constant rate (PerkinElmer, 2015). A Netzsch STA 449 F3
thermal analyser was therefore used to perform the TGA tests at a heating rate of 20 °C/min from 25 to
800 °C under both air and nitrogen purging of 150 ml/min (see Fig. 2c). Results suggested that the
mass coefficient drops from 25 °C and then flattens out until 150 °C due to the loss of coal moisture.
After 150 °C, the decreasing trend became steady and then sharply accelerated after 340 °C (see
Fig. 2d). This is a temperature point that can be considered as the flare point of tested coal samples in
natural environments.
RESULTS AND DISCUSSIONS
Previous works by the authors suggest the potential formation of nine distinct fracture patterns during
the Brazilian test of a brittle solid, as depicted in Fig. 3 (Serati, et. Al, 2014; Serati, et. Al, 2015). This
includes the formation of (i and ii) a single straight fracture plane initiated from either the sample centre
or its vicinity that propagates radially in both directions towards the contact zones along the axis of
diametral compressive loading, (iii) several moderate-sized shear cracks in the vicinity of contacts once
a central tensile crack is fully propagated, (iv) a combination of burst-like failure, multiple cracking and
unwanted contact shear wedges, (v and vi) a straight, convex or concave fracture surface from contact
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points instead of the sample’s centre, (vii) coupled tensile and shear cracks happening simultaneously
near the disc centre, (viii) chips and fragments near the disc-platen contact zones, and (ix) small-scale
tensile and/or shear cracks at local points through intact rock bridges (i.e. non-persistent pre-existing
flaws) leading to the generation of a random fracture plane that follows the scale and distribution of
sample’s rock bridges. The more brittle and stronger the material, the higher the possibility of observing
multiple cracking and localised inverse shear conical plugs in the vicinity of contact points (i.e. crack
Type IV). In contrast, in samples with high anisotropy and a large number of randomly distributed small
fractures (e.g. coal), the crack Type IX has shown to be the dominant failure mode (Serati, 2021).

Figure 3: Different types of fracture patterns in Brazilian testing of a brittle solid
After careful examination of all high-speed recordings, it was concluded that:


Temperature variation not only induces a weakening effect on the material’s tensile strength but
also changes the fracture mode and the crack speed significantly.



The dominant fracture mode at sub-zero temperatures of -60 °C and below were identified as
Types I and II, leading to the largest fragment sizes after failure. At higher temperatures of 150
degrees and above, the sample failure was predominantly associated with crack Type IX
through rock bridges and pre-existing flaws. As a result, fragments were relatively smaller
forming a randomly ordinated fracture plane within the disc domain. At temperature ranges
between -20 to +80 degrees, a combination of all fracture types above were recorded with Type
III being the dominant failure mode. Consequently, variation in tensile strength was the highest
in this temperature range with a Coefficient of variation of up to 40%. This finding is of particular
safety interest since relates the temperature effect to the fracture mode and fragment size (see
also Fig. 4).



The weakest samples were recorded at sub-zero temperatures close to -100 degrees. The
potential reasons causing the weakening effect at low temperatures could be: (i) the pores and
matrix of coal at very low-temperature levels would significantly shrink, and (ii) strong bonding
in the bedding interface of original coal is weakened due to the subzero environment.



The effect of temperature on tensile crack speed in tested coal samples was marginal up to
160 °C. Above this temperature level, however, a significant reduction in the tensile crack speed
was observed that could be associated with the unique failure mode at high temperatures by
breaking through rock bridges in tension (or shear).

It is also worth noting that in crack Type IX, the visible macro cracks are always formed prior to the
sample reaching its ultimate tensile strength in the Brazilian test. In other words, the Brazilian test would
overestimate the material tensile strength when testing coal at very high temperatures. An adjustment
factor needs to be applied to the test results to compensate for the overestimation of the material’s
tensile strength.
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Increase in temperature from -90 °C to 300 °C

Generation and propagation of cracks in the Brazilian disc

Figure 4: Time-lapses of coal fracture pattern at different temperature levels

(a)

(b)

Figure 5: Variation of coal tensile strength and crack speed by temperature changes
CONCLUSIONS
A temperature change alters the rock structure through a range of physical and chemical reactions,
including dehydration, mineral breakdown, and phase shift, all of which could result in thermal damage
to the rock. Generally speaking, the higher the thermally induced microcracks in a rock sample, the
higher the reduction in rock's strength is expected. This study investigates the crack speed, failure
pattern and the ultimate strength of coal under varying temperature levels from -100 °C to 300 °C. Three
distinct cracking patterns were observed, including: (i) a single central tensile crack at very low
temperatures of -60 degrees and below, (ii) unwanted share wedges at contacts in temperature levels
between -20 °C to 80 °C, and (iii) progressive failure of intact rock bridges at very high temperatures of
160 degrees and above. The crack speed and size of fragments were further studied at various

University of Wollongong, University of Southern Queensland, February 2022

124

2022 Resource Operators Conference (ROC 2022)

temperature ranges showing that the smallest fragments are formed in coal breakage at very high
temperatures.
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